1. Introduction {#sec1-biomolecules-10-00099}
===============

Drought is an adverse abiotic factor that severely limits plants growth, development, and productivity. With global climate changes and increasing demands for food production, drought stress-related yield losses have received increasing attention in recent years \[[@B1-biomolecules-10-00099],[@B2-biomolecules-10-00099]\]. From the stimulated grain crops modeling, more frequency to the arid extreme events are predicted to augment by the end of the twenty-first century, leading to severe water crisis and double the yield reduction in cultivation areas \[[@B3-biomolecules-10-00099],[@B4-biomolecules-10-00099]\]. In addition to the decline of production, drought also triggers an array of morphological, physiological, and biochemical responses, including the inhibition of cell elongation and expansion, the disruption of major components of photosynthesis, the triggering of severe oxidative bursts, and even resulting in the death of the plants \[[@B5-biomolecules-10-00099]\]. Therefore, it is crucial to expound the defense responses through which plants improve tolerance (or resistance) against drought, specifically via the cellular and the molecular mechanism (e.g., regulation of multiple functional genes and proteins, accumulation of diverse stress-associated osmolytes) that meet the needs for growth and development.

Coronatine (COR), a non-host-specific phytotoxin, is produced by *Pseudomonas syringae* pathovars \[[@B6-biomolecules-10-00099]\]. The biological activity of COR is similar to that of JA-Ile, and both COR and JA-Ile share the same receptor coronatine insensitive 1 (COI1) \[[@B7-biomolecules-10-00099],[@B8-biomolecules-10-00099]\]. COR widely takes part in a plant's biological and biochemical process, including ethylene emission, anthocyanidin production, auxin synthesis, and alkaloid accumulation \[[@B8-biomolecules-10-00099],[@B9-biomolecules-10-00099],[@B10-biomolecules-10-00099],[@B11-biomolecules-10-00099]\]. Micro-doses of COR have been demonstrated to participate in plants stress tolerance, including tolerance of salinity stress in cotton \[[@B12-biomolecules-10-00099]\], drought stress in soybean and cauliflower \[[@B13-biomolecules-10-00099],[@B14-biomolecules-10-00099]\], heat stress in wheat \[[@B15-biomolecules-10-00099]\], and chilling stress in cucumber \[[@B16-biomolecules-10-00099]\]. These studies revealed that COR could enhance plant stress resistance by maintaining enhanced photosynthetic performance and improving antioxidant enzyme activities. More recently, our work deciphered the positive role of COR in relieving osmotic stress in rice plants by using whole-genome transcript analysis \[[@B17-biomolecules-10-00099]\]. However, there was limited research focusing on the dynamic change of metabolites of coronatine in the case of alleviating water stress in plants.

Plant metabolites, which comprise a large number of intermediate compounds and products of various metabolic pathways, have vital roles in plants responses to stresses through cellular structure, cell signaling, energy metabolism, and whole-plant resource utilization \[[@B18-biomolecules-10-00099]\]. Metabolomics is a powerful tool that provides an overview of biological processes by detecting low molecular weight metabolites and is widely used to illuminate the molecular mechanism of plant responses to and defenses against various stressors \[[@B19-biomolecules-10-00099],[@B20-biomolecules-10-00099]\]. Using untargeted metabolomic analysis, Scalabrin et al. identified over two hundred metabolites under disparate stresses, such as high temperature, drought, and chromium stress, in both wild and transgenic *Nicotiana langsdorffii* \[[@B21-biomolecules-10-00099]\]. A recent study with gas chromatography-mass spectrometry in *Solanum aethiopicum* under drought stress identified several carbohydrates and organic acids with the potential to contribute to drought stress tolerance \[[@B22-biomolecules-10-00099]\].

Tobacco (*Nicotiana tabacum* L.) is a commercial-important broadleaf crop with a large planting area in China and accounts for one-third of tobacco production worldwide. However, tobacco is sensitive to drought stress, and water deficits especially occur at the rosette and ripening stages, seriously restricting its growth and yields. In addition to the model plant *Arabidopsis*, tobacco is also used as an excellent model for genetic studies in dicotyledons. Our present work here first detected physiological traits of tobacco pre-treated with COR and performed metabolic profiling analyses to evaluate physiological changes induced by polyethylene glycol (PEG)-simulated drought stress. This integrative analysis highlights the molecular mechanisms of COR-induced osmotic tolerance in tobacco at metabolic levels.

2. Materials and Methods {#sec2-biomolecules-10-00099}
========================

2.1. Plant Material and PEG Treatment {#sec2dot1-biomolecules-10-00099}
-------------------------------------

The tobacco line K326 (*Nicotiana tabacum* L.), which is a representative cultivated tobacco in China, was used for this study. Tobacco seedlings were cultivated in a plant growth chamber with 14 h light (26 °C) and 10 h dark (22 °C). At the four-leaf stage, normally grown tobacco lines were randomly selected for further analysis. Coronatine (COR) was obtained from China Agricultural University. For COR treatment, the prepared COR was diluted with Hoagland nutrient solution to 1 nM. After 24 h of treatment with COR, the corresponding tobacco lines were subjected to 20% polyethylene glycol-6000 (PEG-6000)-simulated osmotic stress (ψs = −0.49 MPa). Thus, our experiment included four treatments: CK, COR, PEG, and PEG+COR. One day after the PEG treatment, all leaf samples from these four treatments were immediately frozen in liquid N~2~ and stored at −80 °C for metabolite analysis.

2.2. Measurement of Fresh Weight (FW) and Dry Weight (DW) {#sec2dot2-biomolecules-10-00099}
---------------------------------------------------------

The FW of tobacco seedlings was determined immediately after harvest, and the DW of the whole tobacco plants was measured after drying at 105 °C (1 h) and at 80 °C until constant weight. Five tobacco samples in each replication were examined.

2.3. Determination of Superoxide Anion (O~2~^•−^) and Hydrogen Peroxide (H~2~O~2~) Concentrations {#sec2dot3-biomolecules-10-00099}
-------------------------------------------------------------------------------------------------

In tobacco leaves at different sampling points, the O~2~^•−^ production speed was measured according to the method of Tian et al. \[[@B23-biomolecules-10-00099]\]. Briefly, 0.3 g leaf tissue was ground in 2 mL phosphate buffer containing 1% PVP and 0.15 mM EDTA. The homogenate was centrifuged at 13,000× *g* for 20 min at 4 °C, then 0.5 mL supernatant was collected and 0.5 mL phosphate buffer was added, along with 1 mL hydroxylamine chloride, to incubate for 1.5 h at 25 °C. After incubating with 1 mL sulfanilic acid and 1 mL a-naphthylamine, the absorbance was detected at 530 nm. The in situ detection of O~2~^•−^ was performed with nitrotetrazolium blue chloride (NBT) staining following the method of Scarpeci et al. \[[@B24-biomolecules-10-00099]\]. For the measurement of H~2~O~2~, 0.5 g leaf tissue was ground in liquid nitrogen and then suspended in 5 mL of a solution containing 10 mM phosphate buffer (pH 7.4). The homogenate was centrifuged at 10,000 rpm for 15 min at 4 °C. H~2~O~2~ reacts with molybdenic acid to form a complex compound, which can be measured at 405 nm. The H~2~O~2~ content was determined using a kit (No. A064, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. The in situ accumulation of H~2~O~2~ was determined by 3,3′-diaminobenzidine (DAB) staining using the methods described by Daudi et al. \[[@B25-biomolecules-10-00099]\]. Protein contents were colorimetrically quantified using Coomassie brilliant blue G-250 as described by Bradford with bovine serum albumin (BSA) as a standard \[[@B26-biomolecules-10-00099]\].

2.4. Determination of Antioxidant Enzyme Activities {#sec2dot4-biomolecules-10-00099}
---------------------------------------------------

In brief, 0.5 g leaf tissue was ground in liquid nitrogen and then suspended in 5 mL of a solution containing 10 mM phosphate buffer (pH 7.4). The homogenate was centrifuged at 4000 rpm for 15 min at 4 °C. The activities of superoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC 1.11.1.6) were measured using assay kits (No. A001 for SOD, No. A007 for CAT, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. The activity of SOD was determined by measuring the absorbance at 550 nm, and one unit activity was defined as the amount of SOD are needed to produce 50% inhibition of reduction of 1 mL reaction solution per milligram of tissue protein. The activity of CAT was determined by measuring the absorbance at 405 nm, and one unit activity was defined as the amount of enzyme that causes the decomposition of 1 mmol H~2~O~2~ per second.

For the assay of ascorbate peroxidase (APX, EC 1.11.1.11), 0.5 g leaf tissue was ground in liquid nitrogen and then suspended in 5 mL of a solution containing 10 mM phosphate buffer (pH 7.4). The homogenate was centrifuged at 1000 rpm for 15 min at 4 °C. The activity of APX was measured using assay kits (No. A123, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. The activity of APX was determined by measuring the absorbance at 290 nm, and one unit activity was defined as the amount of enzyme that catalyzes a reaction of 1 mmol ASA per milligram of tissue protein.

The activities of glutathione reductase (GR, EC 1.6.4.2) were determined following the method of Li et al. \[[@B27-biomolecules-10-00099]\]. Briefly, 0.2 g leaf tissue was ground in liquid nitrogen and extracted with 5 mL of a solution containing 50 mM potassium buffer (pH 7.0), 1mM EDTA and 1% PVP. The activity of GR was determined by measuring the change of absorbance at 340 nm due to the oxidation of NADPH.

2.5. Sample Preparation for LC-MS {#sec2dot5-biomolecules-10-00099}
---------------------------------

The freeze-dried tobacco leaves were ground to a uniform powder, and 100 mg powder of each sample was macerated with 1 mL of methanol-acetonitrile (1:1, *v*/*v*). Then, the homogenate was sonicated for 30 min (4 °C). After centrifuging at 14,000× *g* for 20 min (4 °C), the supernatant was collected for LC-MS analysis.

2.6. UHPLC-Q-TOF/MS Conditions {#sec2dot6-biomolecules-10-00099}
------------------------------

A UHPLC system (1290 Infinity LC, Agilent Technologies, Santa Clara, CA, USA), with the addition of a quadrupole time-of-flight mass spectrometer (Triple TOF 6600, AB Sciex, Foster City, CA, USA) with an electrospray ionization source (ESI), was used for the analysis. The samples were separated on an ACQUITY UPLC BEH 1.7 μm column (2.1 mm × 100 mm, Waters, Ireland). The mobile phase, which contained A (containing 25 nM ammonium acetate and 25 nM ammonium hydroxide in water) and B (acetonitrile), was used for both of the positive and negative ion modes. The gradient was set as follows: 95% B (1 min), which decreased linearly to 65% (13 min) and then decreased linearly to 40% (2 min); and 40% B (3 min), which then increased to 95% (0.1 min). The ESI parameters were as follows: ion source gas 1, 60; ion source gas 2, 60; and ion spray voltage floating, ± 5500 V. With respect to the MS-only acquisition, apparatus were set to a *m*/*z* range of 60--1000 Da and the scanning of TOF MS was 0.2 s per spectrum. For the auto MS/MS acquisition, apparatus were set to a *m*/*z* range of 25--1000 Da and the with scanning of product ion was 0.05 s per spectra. For the product ion scan acquisition: fixed collision energy, 35 V ± 15 eV; declustering potential, 60 V (+) and −60 V (−); and exclusion of isotopes within 4 Da.

2.7. Data Analysis {#sec2dot7-biomolecules-10-00099}
------------------

For the assay of FW, DW, O~2~^•−^ production speed, H~2~O~2~ content, activities of antioxidant enzymes, significant differences between CK, COR, PEG, and PEG+COR treatment were assessed by one-way ANOVA with LSD post hoc tests, performed by SPSS (19.0, IBM Corp, Armonk, NY, USA).

With respect to the metabolomics, raw data files obtained from UHPLC-Q-TOF/MS were transformed to MzXML files by using ProteoWizard MSConvert (version 3.0.913) and XCMS software (version 1.52.0) \[[@B28-biomolecules-10-00099],[@B29-biomolecules-10-00099],[@B30-biomolecules-10-00099]\]. By using XCMS software, the nonlinear alignment, automatic integration, extraction of the peak intensities, peak alignment, and data filtering were finished. All the metabolites were identified by accuracy mass (\< 25 ppm) matching and secondary mass spectrogram matching, and the score cutoff was set as 0.8 \[[@B31-biomolecules-10-00099]\]. MetaboAnalyst 4.0 was used for statistical analysis \[[@B32-biomolecules-10-00099]\]. Principle component analysis (PCA) and partial least squares discrimination analysis (PLS-DA) were performed for unsupervised multivariate statistical analysis and to identify the most important variables, respectively. The variable importance in projection (VIP) \> 1 is perceived as significant in the PLS-DA model \[[@B33-biomolecules-10-00099]\]. For univariate analysis, the metabolites were detected via a t-test between non-treated and COR-treated tobacco samples, where a *p* value less than 0.05 (*p* \< 0.05) was recognized as statistically significant. The significantly changed metabolites were mapped to the KEGG database for understanding the chemical and metabolic pathways.

3. Results {#sec3-biomolecules-10-00099}
==========

3.1. Morphological Changes of Seedlings {#sec3dot1-biomolecules-10-00099}
---------------------------------------

From the experimental images of tobacco seedlings under polyethylene glycol (PEG) stress, remarkable differences in morphology were observed in different treatments ([Figure 1](#biomolecules-10-00099-f001){ref-type="fig"}). PEG-simulated osmotic stress caused leaf wilting in the CK samples, while seedlings treated with COR showed better morphology. Additionally, this could be seen with the recorded data of plant weight. The DW of seedlings was significantly reduced by 16.86% ([Table 1](#biomolecules-10-00099-t001){ref-type="table"}); the FW of COR-treated tobacco markedly increased 25.02% under PEG treatment. However, COR treatment had no significant effects on morphology and plant biomass under well-watered conditions.

3.2. Hydrogen Peroxide (H~2~O~2~) and Superoxide (O~2~^•−^) Concentrations {#sec3dot2-biomolecules-10-00099}
--------------------------------------------------------------------------

Osmotic stress-induced oxidative damage usually results in the accumulation of O~2~^•−^ and H~2~O~2~. We, therefore, detected O~2~^•−^ and H~2~O~2~ localization in the CK and COR-treated tobacco plants using NBT and DAB staining, respectively. Under normal conditions, the results of both NBT and DAB staining indicated that a small area contained ROS ([Figure 2](#biomolecules-10-00099-f002){ref-type="fig"}A,B). However, after 24 h of PEG stress, the leaves of the control tobacco were extensively stained with both NBT and DAB, while few increases in the staining area of ROS were detected in the leaves of the COR-treated plants, showing that under osmotic stress, tobaccos pretreated with COR accumulated less O~2~^•−^ and H~2~O~2~ than the control plants. The quantitative assay of the formation of O~2~^•−^ production and H~2~O~2~ also supported the NBT and DAB staining results, which indicated a significant difference between control and COR-treated samples under PEG-simulated osmotic stress ([Figure 2](#biomolecules-10-00099-f002){ref-type="fig"}C,D).

3.3. Activities of Antioxidant Enzymes {#sec3dot3-biomolecules-10-00099}
--------------------------------------

To explore the mechanism of COR-mediated osmotic stress tolerance in tobacco, we detected the activities of antioxidant enzymes during different conditions. The exogenous application of COR had little influence on the activities of SOD, CAT, APX, and GR under normal growth conditions ([Figure 3](#biomolecules-10-00099-f003){ref-type="fig"}). Osmotic-exposed plants exhibited higher activities of these defensive enzymes in all tobacco samples; however, COR-treated tobacco plants exhibited 25.36%, 27.33%, 47.61%, and 20.91% greater SOD, CAT, APX, and GR activities in response to PEG stress, respectively.

3.4. Metabolite Profiling {#sec3dot4-biomolecules-10-00099}
-------------------------

To evaluate regulations of metabolic homeostasis in tobaccos responding to osmotic stress, the metabolite profiles of the tobacco leaves in the control and COR treatments under well-watered and PEG conditions were analyzed using an LC/MS platform by a professional laboratory (Applied Protein Technology, Shanghai, China) \[[@B34-biomolecules-10-00099]\]. The PCA was performed for normal growth conditions and osmotic stress on both the control and the COR-treated tobacco seedlings ([Figure 4](#biomolecules-10-00099-f004){ref-type="fig"}). The first component (PC1) and second component (PC2) explained the 32.6% and 12.3% of total variation in the positive ion mode ([Figure 4](#biomolecules-10-00099-f004){ref-type="fig"}A,B), whereas the PC1 and PC2 in the negative ion mode explained the 28.9% and 13.4% of the variation ([Figure 4](#biomolecules-10-00099-f004){ref-type="fig"}C,D). The score plot displayed two different groups, which were associated with well-watered and PEG-stressed samples at corresponding sampling time point, indicating a distinct separation of the metabolite profiles under the two conditions. The PC1 mainly explained the separation of samples caused by PEG stress, whereas PC2 mainly explained divergence between COR-treated and non-treated tobacco plants. The control and COR-treated tobacco seedlings were separated from each other under osmotic stress, whereas these treatments overlapped under well-watered conditions.

To identify the significantly changed metabolites between COR-treated and non-treated tobacco seedlings under normal growth conditions and PEG stress, a PLS-DA and a univariate analysis were carried out ([Figure S1](#app1-biomolecules-10-00099){ref-type="app"}). The PLS-DA method was able to identify the most important metabolites on account of the variable importance in projection (VIP) scores using a five-component model. We adjusted for multiple testing using VIP \> 1, fold change (FC) \> 1.5 or \< 0.67, and *p* \< 0.05 as the criteria to classify the significantly changed metabolites between the COR and control treatments under the two conditions. A total of 6 and 28 metabolites were identified under normal and PEG conditions, respectively ([Table 2](#biomolecules-10-00099-t002){ref-type="table"}). Most of the sugars and sugar derivatives (including allose, galactinol, glucose, fructose, mannose, quinovose, maltitol, and myo-inositol) and organic acids (including α-ketoglutarate, chlorogenic acid, citrate, glyceric acid, and quinic acid) were significantly accumulated in tobacco leaves under both well-watered and PEG conditions; however, amino acids, such as arginine, asparagine, histidine, isoleucine, leucine, lysine, norleucine, threonine, and tryptophan, exhibited enhanced accumulation under osmotic stress in control plants compared with the accumulation in COR plants. The changes in these metabolites provide important clues for research into the COR-induced specific metabolites in tobacco.

3.5. KEGG Metabolic Pathway Analysis of Significantly Changed Metabolites {#sec3dot5-biomolecules-10-00099}
-------------------------------------------------------------------------

The metabolites that were significantly different between the tobacco leaves under different conditions (well-watered and PEG) were screened into the KEGG database to detect the biochemical and metabolic pathways that are involved in the response to COR. A total of 12 pathways were enriched based on KEGG plants metabolic pathways, with more than two significantly changed metabolites in one pathway ([Table 3](#biomolecules-10-00099-t003){ref-type="table"}). As shown in [Table 3](#biomolecules-10-00099-t003){ref-type="table"}, these enriched pathways were mainly involved in the metabolism of carbohydrates (e.g., "galactose metabolism", "fructose and mannose metabolism"), organic acids (e.g., "citrate cycle"), and amino acids (e.g., "glycine, serine, and threonine metabolism"; "valine, leucine, and isoleucine biosynthesis"; "alanine, aspartate, and glutamate metabolism"). In addition, the significantly changed metabolites and their regulations under PEG stress were shown as [Figure 5](#biomolecules-10-00099-f005){ref-type="fig"}.

4. Discussion {#sec4-biomolecules-10-00099}
=============

4.1. Exogenous COR Improves ROS Scavenging in Plants by Stimulating Antioxidant Enzymes {#sec4dot1-biomolecules-10-00099}
---------------------------------------------------------------------------------------

Drought stress typically triggers the generation of ROS, such as O~2~^•−^ and H~2~O~2~, which can diffuse across the cell membrane and cause cell damage in plants, by the oxidative reaction process of mitochondrial respiration \[[@B35-biomolecules-10-00099],[@B36-biomolecules-10-00099]\]. In the present study, in vivo detection of O~2~^•−^ and H~2~O~2~ via both NBT and DAB staining and quantitative assays indicated an obviously increased accumulation of O~2~^•−^ and H~2~O~2~ in tobacco leaves under osmotic stress in the control samples compared the accumulation in the leaves in the COR treatment. The internal protective enzyme-catalyzed clean-up systems in plants help to scavenge ROS and ensure the maintenance of cellular functions. For example, SOD plays a key role in defending against ROS-mediated oxidative injury in plants through dismutation of O~2~^•−^ to O~2~ and H~2~O~2~, whereas CAT directly scavenges H~2~O~2~ by reducing H~2~O~2~ to H~2~O and O~2~. APX is a crucial enzyme involved in the water-water and ascorbate-glutathione (AsA-GSH) cycles; APX catalyzes the reaction of H~2~O~2~ into H~2~O and utilizes AsA as the electron donor. Additionally, GR is a vital constituent of the AsA-GSH cycle and takes part in ROS detoxification via maintaining GSH in its reduced state \[[@B37-biomolecules-10-00099]\]. Consistent with the results of previous studies of COR-induced stress tolerance in plants \[[@B38-biomolecules-10-00099],[@B39-biomolecules-10-00099]\], our results indicated that the positive role of COR-mediated tobacco seedlings to relieve oxidative injury involves improvement in antioxidant enzyme activities.

4.2. Exogenous COR Promotes the Accumulation of Carbohydrates Under PEG Conditions {#sec4dot2-biomolecules-10-00099}
----------------------------------------------------------------------------------

The accumulation of sugars is an essential strategy with which plants withstand abiotic stress since sugars can act as important compatible solutes and signaling molecules in plant defense responses \[[@B40-biomolecules-10-00099]\]. Moreover, the accumulations of sugars under adverse conditions build blocks for osmoprotectants and provide an energy source for physiological growth by stabilizing the macromolecules \[[@B41-biomolecules-10-00099]\]. A significantly-enhanced level of carbohydrates, such as glucose, fructose, mannose, quinovose, maltitol, and myo-inositol, was observed in tobaccos pretreated with COR in response to PEG stress. Glucose and fructose are two of the main reducing sugars that are responsible for plant signal transduction to modulate drought tolerance \[[@B42-biomolecules-10-00099]\]. Elevated level of glucose and fructose is involved in turgor maintenance \[[@B43-biomolecules-10-00099]\] and associated with improved stress tolerance in many plants \[[@B44-biomolecules-10-00099],[@B45-biomolecules-10-00099],[@B46-biomolecules-10-00099]\]. Mannose has been shown to be an important compatible osmolyte and play a role in protein glycosylation in plants \[[@B47-biomolecules-10-00099]\]. Mannose also provides efficient precursors for ascorbate synthesis, known as an important ROS-scavenging antioxidant in stress resistance \[[@B48-biomolecules-10-00099],[@B49-biomolecules-10-00099]\]. Li et al. revealed that *Agrostis stolonifera* treated with ABA induced significant increase in mannose content under unirrigated conditions \[[@B47-biomolecules-10-00099]\]. Myo-inositol is the most abundant form of naturally existence isomers of inositols and imparts abiotic stress tolerance to plants. It also serves as the precursor of the synthetic route of the galactinol and raffinose family oligosaccharides (RFO), which may act as sugar signals in abiotic stresses, like glucose and fructose \[[@B50-biomolecules-10-00099]\]. The increased level of myo-inositol may combat PEG-simulated osmotic stress due to its hydroxyl groups, which can generate a sphere of hydration around macromolecules \[[@B51-biomolecules-10-00099]\]. Previous evidences have shown that COR could promote soluble sugar content in *Brassica oleracea* L. during water stress \[[@B14-biomolecules-10-00099]\], and the various carbohydrates with multiple functions identified here in COR-treated plants may interact with plant hormones and many other metabolic processes to regulate osmotic balance and protect the cellular structure from ROS damage under osmotic stress.

4.3. Exogenous COR Enhances the Accumulation of Organic Acids Under PEG Stress {#sec4dot3-biomolecules-10-00099}
------------------------------------------------------------------------------

Our study noted the accumulation of organic acids, namely, citrate, α-ketoglutarate, glyceric acid, and quinic acid, in tobacco leaves by COR treatment when exposed to osmotic stress. Organic acids not only function as important intermediates in the energy balance and flow in plants but also participate in plant adaption to abiotic stress. The tricarboxylic acid (TCA) cycle (also known as the Krebs cycle) is a vital cellular cycle that drives energy production and provides a carbon skeleton for the biosynthesis of some amino acids. Citrate, the first intermediate involved in the TCA cycle, is known to participate in plants responses to abiotic stress. The increase in citrate accumulation was observed in cotton under drought \[[@B52-biomolecules-10-00099]\] and tomato under chilling treatment \[[@B53-biomolecules-10-00099]\]. Wu et al. demonstrated that citrate has the anti-oxidant capacity to modulate redox signaling through scavenging free radicals and chelating iron ions \[[@B54-biomolecules-10-00099]\]. Moreover, Sung et al. revealed a tissue-specific accumulation of α-ketoglutarate in tomato under nutrition-deficient conditions \[[@B55-biomolecules-10-00099]\]. α-ketoglutarate serves as the precursor of the glutamate and GABA pools. The upregulation of intermediates in the TCA cycle may reflect acceleration of the TCA pathway, suggesting that COR treatment could facilitate the flow of carbon from glycolysis to manufacture other defense compounds and produce more additional energy, such as NADH and ATP, to address oxidative stress. In addition, glyceric acid, a component of glycolysis, was associated with a greater ability to absorb nutrients and water of wheat under drought conditions \[[@B4-biomolecules-10-00099]\]. The founding of Li et al. indicated that exogenous β-sitosterol promoted the accumulation of glyceric acid contributing to improved drought tolerance in white clover \[[@B56-biomolecules-10-00099]\]. These results implied that COR-mediated tolerance to osmotic stress is associated with organic acids belonging to both intermediates and non-intermediates involved in the TCA cycle.

4.4. Increases in Some Nitrogen-Containing Metabolites Induced by COR Contribute to Osmotic Resistance {#sec4dot4-biomolecules-10-00099}
------------------------------------------------------------------------------------------------------

The accumulation of nitrogen-containing compounds induced by COR suggested a potential mechanism by which COR confers osmotic tolerance to tobacco. Nicotinamide is an essential component of pyridine dinucleotide coenzymes NAD(P)H, acting as stress signal and playing defensive roles in many enzymatic oxidation-reduction reactions \[[@B57-biomolecules-10-00099]\]. It is reported that nicotinamide has a promotive effects on carbohydrate production and protein synthesis when sorghum is exposed to salt stress \[[@B58-biomolecules-10-00099]\]. Nicotinamide also regulates the content of stress-associated metabolites, such as trigonelline and nicotine. Trigonelline is shown to accommodate cell cycle, stabilize enzyme activity, and modify membrane transport properties \[[@B59-biomolecules-10-00099],[@B60-biomolecules-10-00099]\]. Besides these physiological functions, trigonelline also acts as a signal in response to salinity and a water deficit \[[@B61-biomolecules-10-00099],[@B62-biomolecules-10-00099]\]. Nicotine is the main form of alkaloid in cultivated tobacco that defends against insect attacks and environmental stress. The nicotine produced by tobacco is concerned with environmental factors and hormone levels. Earlier studies reported that COR could induce plant alkaloid accumulation \[[@B63-biomolecules-10-00099]\], and this induction effect mainly occurs via the activation of *NtMYC2*, a key transcription factor in JA signaling that the regulates expression of limiting enzyme during the nicotine biosynthesis process \[[@B64-biomolecules-10-00099],[@B65-biomolecules-10-00099]\]. In addition, we found choline levels were significantly increased in COR-treated plants under osmotic stress. Choline is an important intermediate for the biosynthesis of cell membrane components (e.g., phosphorylcholine). Decreases in choline content of NaCl-treated tobacco plants suggested that salinity inhibited the synthesis of membrane or facilitated degradation of membrane \[[@B66-biomolecules-10-00099]\]. Choline is also the precursor of glycine betaine, a well-characterized compatible solute involved in osmotic stress. Zhang et al. indicated that enhanced biosynthesis of choline improved *Arabidopsis* osmotic stress tolerance via promoting osmoprotectant accumulation \[[@B67-biomolecules-10-00099]\].

4.5. Increased Levels of Amino Acids in PEG-Stressed Tobacco Plants May Be an Indicator of Tissue Damage {#sec4dot5-biomolecules-10-00099}
--------------------------------------------------------------------------------------------------------

The imposition of abiotic stress increases the accumulation of amino acids in many plants \[[@B68-biomolecules-10-00099],[@B69-biomolecules-10-00099],[@B70-biomolecules-10-00099],[@B71-biomolecules-10-00099]\]. The increased accumulation of amino acids during drought stress is, in some cases, connected with contrary effects on nitrogen metabolism and the stress-induced hydrolysis of proteins \[[@B72-biomolecules-10-00099],[@B73-biomolecules-10-00099],[@B74-biomolecules-10-00099]\]. In the present work, most of the amino acids exhibited increased accumulation in control tobacco leaves under PEG stress compared to that COR treatment. Diaz et al. suggested that the relative content of some amino acids (e.g., leucine, isoleucine) may serve as chemical markers to discriminate senescence as they were correlated to leaf yellowing \[[@B75-biomolecules-10-00099]\]. However, it is interesting to have found that a higher level of proline and GABA was observed in seedlings pre-treated with COR. Proline acts as a non-toxic osmolyte and mitigates drought stress in plants by quenching ROS and maintaining the stabilization of cell membranes \[[@B76-biomolecules-10-00099]\]. Previous studies have shown that COR promoted proline content in soybean \[[@B13-biomolecules-10-00099]\], cauliflower \[[@B14-biomolecules-10-00099]\], rice \[[@B17-biomolecules-10-00099]\], and maize \[[@B77-biomolecules-10-00099]\] during abiotic stresses. GABA, a four-carbon non-protein amino acid, has an active role in plant physiological process, such as regulating cellar pH, contributing to nitrogen/carbohydrate balance, and protecting against oxidative stress \[[@B78-biomolecules-10-00099]\]. Shang et al. revealed that peach fruit pre-treated with GABA reduced chilling injury by induction of endogenous GABA and proline accumulation \[[@B79-biomolecules-10-00099]\]. Combined with our physiological and biochemical data on osmotic stress (e.g., FW, DW, O~2~^•−^, H~2~O~2~), we conclude that the increase in amino acids (except for proline and GABA) is a biomarker of osmotic stress, rather than an adaption strategy.

5. Conclusions {#sec5-biomolecules-10-00099}
==============

Drought stress can cause severe problems in the phenotype, physiology, and metabolism of a plant during its life cycle. The use of a harmless plant growth regulator to protect crops from damage caused by stress, especially drought stress, is of great economic value. In this study, we first determined the effect of a micro-dose of COR on tobacco under PEG-simulated drought stress. From this integrative work, we conclude that, under osmotic stress, COR could regulate the activities of antioxidant enzymes to prevent ROS accumulation and lipid peroxidation. Several primary or secondary metabolites, such as carbohydrates, organic acids, and nitrogen-containing compounds, that might contribute to osmotic stress tolerance were specifically accumulated in COR treatment. This study highlights the molecular mechanism of COR-mediated tolerance to osmotic stress in tobacco and broadly in crop plants. The specifically accumulated metabolites, together with the metabolic network identified here, provide valuable clues for the further studies of COR-induced stress resistance in plants.

The following are available online at <https://www.mdpi.com/2218-273X/10/1/99/s1>, Figure S1: Score plot of partial least square discriminant analysis of metabolites in tobacco leaves between the COR and the control treatment under normal growth conditions (A, B) and PEG stress (C, D). CK, normal growth conditions; COR, pretreatment with 1 nM COR; PEG, osmotic stress induced by PEG without COR treatment; PEG+COR, pretreatment with 1 nM COR under PEG stress.
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![The morphological traits of tobacco treated with coronatine (COR) under normal and osmotic conditions. CK, normal growth conditions; COR, pretreatment with 1 nM COR; polyethylene glycol (PEG), osmotic stress induced by PEG without COR treatment; PEG+COR, pretreatment with 1 nM COR under PEG stress.](biomolecules-10-00099-g001){#biomolecules-10-00099-f001}

![Effect of coronatine on reactive oxygen species (ROS) content in leaves of tobacco seedlings under osmotic conditions. In situ detection of O~2~^•−^ by nitrotetrazolium blue chloride (NBT) staining (**A**), in situ detection of H~2~O~2~ by 3,3′-diaminobenzidine (DAB) staining (**B**), the generation of O~2~^•−^ (**C**) and the content of H~2~O~2~ (**D**) in tobacco leaves. Values with bars are the means ± SDs (n = 5), and different letters indicate significant differences at *p* \< 0.05.](biomolecules-10-00099-g002){#biomolecules-10-00099-f002}

![Effect of COR on the activities of superoxide dismutase (SOD) (**A**), catalase (CAT) (**B**), ascorbate peroxidase (APX) (**C**), and glutathione reductase (GR) (**D**) under osmotic conditions. Values with bars are the means ± SDs (n = 5), and different letters indicate significant differences at *p* \< 0.05.](biomolecules-10-00099-g003){#biomolecules-10-00099-f003}

![Principal component analysis and 2D score plot of metabolites in tobacco leaves between COR and control treatments in the positive ion mode (**A**,**B**) and negative ion mode (**C**,**D**). CK, normal conditions without COR and PEG treatment; COR, treatment with 1 nM COR; PEG, osmotic stress induced by PEG without COR treatment; PEG+COR, pretreatment with 1 nM COR under PEG stress.](biomolecules-10-00099-g004){#biomolecules-10-00099-f004}

![Summary scheme showing the main COR-induced metabolic changes under osmotic stress. The metabolites with red/green color indicate up-regulation/down-regulation in response to COR. The relative abundance of metabolites in different treatment under PEG was shown as box plots.](biomolecules-10-00099-g005){#biomolecules-10-00099-f005}

biomolecules-10-00099-t001_Table 1

###### 

Effect of COR on biomass of tobacco seedlings under PEG treatment.

  Treatment   FW (g/Plant)     DW (g/Plant)
  ----------- ---------------- ---------------
  CK          17.06 ± 0.59 a   1.72 ± 0.04 a
  COR         17.20 ± 0.49 a   1.72 ± 0.03 a
  PEG         11.27 ± 0.46 c   1.43 ± 0.05 c
  PEG+COR     14.09 ± 0.51 b   1.60 ± 0.04 b

Values are the means ± SDs (n = 5), different letters within a column indicate significantly different at *p* \< 0.05. FW = fresh weight; DW = dry weight.

biomolecules-10-00099-t002_Table 2

###### 

List of the significantly changed metabolites between COR-treated and non-treated tobacco seedlings under normal growth conditions and PEG stress. VIP = variable importance in projection; ESI= electrospray ionization source.

  Mode                          Metabolite                           VIP    FC     *p* Value
  ----------------------------- ------------------------------------ ------ ------ ---------------
  Sugar and sugar derivatives                                                      
  ESI (−)                       D-Allose ^1^                         2.22   2.07   2.0 × 10^−3^
  ESI (+)                       Galactinol ^1^                       2.70   2.15   9.0 × 10^−7^
  ESI (−)                       α-D-Glucose ^2^                      1.56   2.13   6.3 × 10^−4^
  ESI (−)                       D-Fructose ^2^                       1.68   2.33   2.9 × 10^−4^
  ESI (+)                       D-Mannose ^2^                        2.21   6.62   1.7 × 10^−8^
  ESI (−)                       D-Quinovose ^2^                      1.80   2.48   2.4 × 10^−7^
  ESI (−)                       Maltitol ^2^                         2.16   3.69   2.7 × 10^−7^
  ESI (+)                       Myo-Inositol ^2^                     1.57   2.60   3.6 × 10^−8^
  Organic acids                                                                    
  ESI (−)                       α-Ketoglutarate ^1^                  2.16   2.08   2.9 × 10^−2^
  ESI (−)                       Chlorogenic acid ^1^                 1.84   1.59   7.2 × 10^−6^
  ESI (+)                       Citrate ^1^                          2.28   1.79   2.0 × 10^−4^
  ESI (−)                       α-Ketoglutarate ^2^                  1.58   2.57   4.5 × 10^−3^
  ESI (−)                       Citrate ^2^                          2.06   3.45   4.8 × 10^−6^
  ESI (−)                       Glyceric acid ^2^                    1.30   1.76   5.0 × 10^−4^
  ESI (−)                       Quinic acid ^2^                      2.55   6.32   2.1 × 10^−7^
  Amino acids                                                                      
  ESI (+)                       D-Proline ^2^                        1.92   4.10   5.1 × 10^−8^
  ESI (+)                       GABA ^2^                             1.19   1.80   4.5 × 10^−5^
  ESI (+)                       L-Arginine ^2^                       1.53   0.38   2.0 × 10^−5^
  ESI (+)                       L-Asparagine ^2^                     1.52   0.39   1.9 × 10^−5^
  ESI (+)                       L-Histidine ^2^                      1.18   0.55   7.3 × 10^−5^
  ESI (+)                       L-Isoleucine ^2^                     1.98   0.22   1.7 × 10^−9^
  ESI (+)                       L-Leucine ^2^                        1.95   0.23   2.4 × 10^−10^
  ESI (−)                       L-Lysine ^2^                         1.91   0.33   1.5 × 10^−3^
  ESI (−)                       L-Norleucine ^2^                     2.61   0.15   8.0 × 10^−7^
  ESI (−)                       L-Threonine ^2^                      1.94   0.27   5.2 × 10^−4^
  ESI (−)                       L-Tryptophan ^2^                     2.41   0.20   1.7 × 10^−9^
  Others                                                                           
  ESI (+)                       Nicotinamide ^1^                     3.25   3.12   4.8 × 10^−4^
  ESI (+)                       2-Ethoxyethanol ^2^                  1.17   0.52   1.0 × 10^−3^
  ESI (+)                       4-Hydroxybutanoic acid lactone ^2^   1.07   0.61   4.7 × 10^−4^
  ESI (+)                       Choline ^2^                          1.36   2.07   1.1 × 10^−6^
  ESI (+)                       L-Nicotine ^2^                       1.29   2.07   7.4 × 10^−4^
  ESI (+)                       Nicotinamide ^2^                     1.45   2.89   5.9 × 10^−3^
  ESI (+)                       Phosphorylcholine ^2^                1.43   2.46   4.5 × 10^−3^
  ESI (+)                       Trigonelline ^2^                     1.04   1.88   9.5 × 10^−3^

Number "^1^" and "^2^" represent the significantly changed metabolites identified under normal growth conditions and PEG stress, respectively. ESI (−) and ESI (+) represent positive ion mode and negative ion mode, respectively.

biomolecules-10-00099-t003_Table 3

###### 

KEGG pathways including more than ≥2 significantly changed metabolites affected by COR.

  ID         KEGG Pathway                                     Compounds
  ---------- ------------------------------------------------ ----------------------------------------------------------------
  map00970   Aminoacyl-tRNA biosynthesis                      C00152, C00135, C00062, C00047, C00407, C00123, C00188, C00078
  map00052   Galactose metabolism                             C00267, C01235, C00137, C00159
  map00260   Glycine, serine, and threonine metabolism        C00114, C00258, C00188, C00078
  map00290   Valine, leucine, and isoleucine biosynthesis     C00123, C00188, C00407
  map00250   Alanine, aspartate, and glutamate metabolism     C00152, C00026, C00334
  map00966   Glucosinolate biosynthesis                       C00078, C00123, C00407
  map00220   Arginine biosynthesis                            C00026, C00062
  map00051   Fructose and mannose metabolism                  C00267, C00159
  map00020   Citrate cycle (tricarboxylic acid (TCA) cycle)   C00158, C00026
  map00330   Arginine and proline metabolism                  C00062, C00334
  map00280   Valine, leucine, and isoleucine degradation      C00407, C00123
  map00564   Glycerophospholipid metabolism                   C00114, C00588

KEGG database matched results, C00026: α-ketoglutarate; C00047: L-lysine; C00062: L-arginine; C00078: L-tryptophan; C00114: choline; C00123: L-leucine; C00135: L-histidine; C00137: myo-inositol; C00152: L-asparagine; C00158: citric acid; C00159: D-mannose; C00188: L-threonine; C00258: glyceric acid; C00267: α-D-glucose; C00334: GABA; C00407: L-isoleucine; C00588: phosphorylcholine; C01235: galactinol.
